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METHODS AND APPARATUS FOR IMPROVING 
CRITICAL PATH ANALYSIS USING GATE DELAY 

[0001] This application is a continuation application of serial no. 10/062,591, filed on 
Januaiy 3 1 , 2002, entitled "Method and Apparatus for Improving Critical Path Analysis 
Using Gate Delay", and claims priority therefrom. 



Field of Invention 

[0002] The subject of this application relates generally to the field of integrated circui 
aC) design and, more particularly, to reducing critical path schematics apparatus and 
methods. 



Background of Invention 

[0003] Critical path analysis is one of the most important stages of circuit design, in part, 
because it can help determine the speed at which a circuit may be run. As circuits are 
quickly becoming more complicated, critical path analysis, as with many other circuit 
analysis techniques, is becoming increasingly computerized for efBciency purposes. 

[0004] Also, as circuits grow in complexity (sometimes reaching thousands and 
sometimes millions of gates), it is imperative to decrease the number of computer 
resources and hours spent on evaluating these designs. This is extremely important with 
respect to critical path analysis. Especially, in the current climate of competition, it is 
imperative that the speed of a circuit be determined before investing substantial counts 
of money on making and marketing a device that may be dwarfed by solutions from 
competitors. 
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[0005] Accordingly, critical path analysis is not only a tool for engineers to determine if 
their circuit design works, but also a tool for a marketing and finance division of a 
company to deteimine whether a given circuit design is worthy of pursuing. 

[0006] Generally, circuit designers use a software program, such as HSpice provided by 
Avant Corporation of Fremont, California, to simulate the critical path schematics for 
their designs. Since the logic gates have different delays through them for rising and 
falling output nodes, the critical path of a circuit would have to be simulated for both 
nsmg and falling edges of a final output node. This requires creating at least two 
different schematics and simulations to calculate these delays. 

[0007] After running these simulations, the higher of the rising or falling delays 
represents the worst-case delay. And, the worst-case delay in turn defines the final delay 
of the circuit. Hie final delay indicates the maximum frequency at which a design may 
safely run. Accordingly, it is important to set up these simulations carefiiUy and 
efficiently. 



Summary of Invention 

[0008] nie present invention, which may be used/set up on a general-purpose digital 
computer, includes methods and apparatus to provide efficient critical path analysis of a 
design, utilizing single or multiple processors. 

[0009] m an embodiment, the techniques described herein disclose two devices that can 

be used to simulate both rising and falling delays through gates inacritical path using 
only one schematic and, hence, one simulation. 

[0010] In another embodiment, an apparatus disclosed may assist in creating a single 
cntical path schematic which can be used to simulate both rising and falling edge delays. 
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Ms saves fae as only one schematic and. hence, one simnMon is ^qni^ i„aead of 

the two generally required. 



lOOni In ye, a different embodiment, a method of efficiently perfot^ing critical path 
analysis is disclosed. Tite meUtod includes providing a device to assist in detenmning 
both rising and falling delays for dte critical path a„al>.is of a g^e; coupling an input of 
the device to a conttolUng input of the gate; coupling a„ „u^ut of Ute device to a non- 
controlling input of the gate, the device having an I/O characteristic wherein: signals at 
both the input and output of the device rise and faU substantially simultaneously on a first 
edge; and on a remaining edge, a signal at the device output foUows one of a rise and a 
faU of a signal at the device input after a output node delay; and determining flre rising 
and falling delays for the critical path analysis of the gate utilizing the device. 



Brief Description of Drawings 

I0012J The present invention may be better understood and it's numerous objects 
feataes, ^ advantages made apparent to those skilled in dre art by reference to flte 

accompanying drawings in which: 

[0013] Fig. 1 illustrates an exemplary computer system 100 in which the present 
invention may be embodied; 

[00141 Fig. 2A illustrates an exemplary configurationofinput settings for dete^^^ 
nsmg and falling delays through a NAND gate; 

[0015J Fig. 2B illustrates an exemplary configuration of input settings for detennining 
nsmg and falling delays through a NOR gate; 
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[0016] Fig. 3A(a) illustrates an exemplary system 300 utilizing a AND_NC gate 302 in 
accordance with an embodiment of the present invention; 

[0017] Fig 3A(b) illustrates exemplary I/O characteristics of the system 300 of Fig 3A(a) 
in accordance with an embodiment of the present invention; 

[00181 Fig. 3B(a) illustrates an exemplaiy system 350 utilizing an OR _NC gate 312 in 
accordance with an embodiment of the present invention; 

[0019] Fig 3B(b) illustrates exemplary I/O characteristics of the system 350 of Fig 3B(a) 
m accordance with an embodiment of the present invention; 

[0020] Fig. 4 illustrates an exemplary schematic for an AND_NC gate in accordance 
with an embodiment of the present invention; 

[0021] Fig. 5 illustrates an exemplary OR_NC schematic in accordance with an 
embodiment of the present invention; and 



[0022] Fig. 6 illustrates an exemplary system 600 in accordance with an embodiment of 
the present invention. 



I0023J The use of the same reference symboU m different drawings indicates similar or 
identical items. 



Detailed Description 

[0024] In the following description, numerous details are set forth. It will be apparent 
however, to one skilled in the art, that the present invention may be practiced without ' 
these specific details. Jn other instances, well-known structures and devices are shown in 
block diagram form, rather than in detail, in order to avoid obscuring the present 



invention. 



Docket No.: 5858.P7166C 
Express Mail No.: EL962312158US 



4 



I0025J Reference in fte ^fication ,„ "„„e embodtaenf „, »a„ embodime„r mean. 
>ha. a parfcular feature, structure, or characteristic described in comenion witi, the 
«nbod„nen, is included in at least one embodiment of me invention. The appearances of 
ftc Ptase "in one embcdin,enr in various places in the specification are not necessarily 
all refemng to the same embodiment. 

10026] Fig. 1 illustrates an exemplary computer system 100 in »hich the ptesent 
mvention maybe embodied m certain embcKiim«,ts. •n,e system ,00 comprises a central 
processor 102, a main memory 104. an input/output (1/0) controller 106, a keyboard 108 
a pomtmg device 1 10 (e.g., mouse, track ball, pen device, or the like), a display device ' 
112. a mass storage 1 14 (e.g.. hard disk, optical drive, or the Uke). ^ a network 

mterfaceUS. Additional input/output devices, such asaprintingdevicelie, may be 
mcluded in the system 100 as desired. As illustrated, the various components of the 
system 100 communicate through a system bus 120 or similar architecture. 

10027] man embodiment, the computer system 100 includes a Sun Mictosystems 
computer utilizing a SPARC microp^cessor available from several vendo. (mcludmg 
Sun Microsystems of Palo Alto, Califonria). Hose wifl, ottoaty skill in fl,e art 

understand, however.tha,any type of computer systemmaybeutiliz^d to embody the 
present invention, mcluding those made by Hewlett Packatd of Palo Alto, California, and 

BM-compatiblepe.«,n^oomputersutihzmgIn,el microprocessor, which are available 
ftom several vendor, (including IBM of Annonk, N.Y.). Also, mstead of a single 

P.^r,m„ or m„reprocessors(whetheronasingle chip or on separate chips)canbe 
utihzed to provide speedup m operations. 

10028] The netwotk interftce 1 18 provides communication capabihty with other 
computer systems on a same local networic, on a difrer«,t network c„m,ec,ed via modems 
and the like to the p,es«.t networic. or to other computers acss the totemet. L, various 
cmbodtments, the network interface 1 1 8 can be implemented m Ethernet, Fast Efltemet 
wde-area network (WAN), leased line (such as Tl, T3, optical carrier 3 (0C3), and the 
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like), digital subscriber line (DSL and its varieties such as high bit-rate DSL (HDSL) 
integrated services digital network DSL (IDSL), and the like), time division multiplexing 
(TDM), asynchronous transfer mode (ATM), satellite, cable modem, and FireWire. 

[0029] Moreover, the computer system 100 may utilize operating systems such as 
Solaris, Windows (and its varieties such as NT, 2000, XP, ME, and the like), HP-UX 
Unix, Berkeley software distribution (BSD) Unix, Linux, Apple Unix (AUX), and the 
like. Also, it is envisioned that in certain embodiments, the computer system 100 is a 
general purpose computer capable of nmning any number of applications such as those 
available from companies including Oracle, Siebel, Unisys, Microsoft, and the like. 

[0030] Fig. 2A illustrates an exemplaiy configuration of input settings for determining 
rising and falling delays through a NAND gate 201. Generally, the input settings for 
detennining the rising and falling delays through a logic gate are different. 

[0031] In the figures, the controlling input of each gate is marked with a "c" and the non- 
controlling input is marked with an "n» symbol. The gate delay is nonnally evaluated 
from the controlling input to the output. However, specific combinations maybe given at 
the non-confroUing input to evaluate the worst-case delay through the gate. 

[0032] In case of a NAND gate (illustrated in Fig. 2A), if there is a rising edge on a 
controlling input 202, a substantially simultaneous rising edge is present at a non- 
confroUing input 204 to obtain the worst-case falling delay at an output 206 (Fig. 2A(a)) 
If there is a falling edge at the confroUing input 202, the non-confroUing input 204 is kept 
at a logic high level to obtain the worst-case rising delay at the output 206 (Fig. 2A(b)). 

[0033] Fig. 2B illustrates an exemplary configuration of input settings for detennining 
rising and falling delays through a NOR gate 2 1 1 . NAND and NOR gates are appropriate 
choices as examples because they are the most basic of the gates that need different input 
settings for simulating rise and fall delays through them. Other examples of such gates 



include. 
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10034] m case of a NOR gate (illustrated in Fig. 2B), if there is a falling edge on a 
controlling input 212, a substantially simultaneous falling edge is present at a non- 
controlling input 214 to obtain the worst-case rising delay at an output 216 (Fig. 2B(b)) 
If there is a rising edge at the controlling input 212, the non-controlUng input 214 is kept 
at a logic low level to obtain the worst-case falling delay at the output 216 (Fig. 2B(a)). 

10035] Fig. 3A(a) illustrates an exemplary system 300 utilizing a AND_NC gate 302 in 
accordance with an embodiment of the present invention. Fig 3A(b) illustrates 
exemplary characteristics of the system 300 of Fig. 3A(a) in accordance with an 
embodiment of the present invention. 

10036] In Fig. 3A(a), the system 300 includes the NAND gate 201 and the AND NC gate 
302. As illustrated, the AND_NC gate 302 receives the controlling input 202 as U . 
304 and provides its output Oa„a_„c to the non-controlling input 204 of the NAND gate 
201. 



[0037] hi Fig. 3A(b), Ia„d_nc, Oa„d_„c, and output 206 characteristics are shown. As 
illustrated, both W and Oa„a_„c signals have a substantially simultaneous rise. As these 
signals rise (see, e.g., the left half of Fig. 3 A(b)), the output 206 will fall after an output 
fallmg delay 308 (see also Fig. 2A(a)). Once W falls, the output 206 will rise after an 
output rising delay 310 (see also Fig. 2A(b)). Accordingly, the system 300 of Fig. 3A(a) 
can determine both the rising and falling output delays for the NAND gate 201 Also 
indicated is a non-controlling fall input delay 306 between the time 1.^ „c falls and when 
Oa„d_nc falls (see, e.g., the right half of Fig. 3A(b)). It is envisioned that the fall delay 306 
be selected such that it is sufficiently longer than the output rising delay 3 1 0. Otherwise, 
If the Oa„a_„c signal falls prior to the output 206 rising, the rising output delay for the 
output 206 may not be accurately detennined. 

[0038] Fig. 3B(a) illustrates an exemplary system 350 utilizing an OR_NC gate 312 in 
accordance with an embodiment of the present invention. Fig 3B(b) illustrates exemplary 
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characteristics of the system 350 of Fig. 3B(a) in acco«iance with an embodiment of the 

present invention. 

(0039) m Fig. 3B(a), fl,e system 350 includes the NOR gate 211 and the OR NC gate 
312. As iltetrated. the OR.NC gate 3.2 receives the controlling input 2,2 W . 314 
and provides its output 0„_„ to the non-controlling input 214 of U,e NOR gate 211. 

10040) In Fig. 3B(b), W, 0„.«, and output 216 chat^teristics are shown As 
Jlustmted. both V,. and 0,_„ signals have a substantially simultaneous fall As these 
«^s faU (se^ ,g., the right half of Fig. 3B(b)), Ute output 216 will rise after an output 
nsmg delay 320 (see also Fig. 2A(b)). 

riT'"'-"' '''''*"'"°"*"'f^«^'^^318(seeals„ 
F.g. 2A(a)). Acconiingly, the system 300 of Fig. 3B(a) can determine both the rising and 

alhng output delays for the NOR gate 2... Also indicated is a n„n-.n.olli„g rise input 
11 ^ half of Fig 

3A(b)). M-«>visioned.ha,fl,erisedelay316beseIectedsuchtha.itissuiBciently 
longerfl^ the output falling delay318. Otherwise, if the 0„„si^ri«sprior,„ are 
output 216 falling, the falhng output delay for the oufl,u, 216 may not be aoc^ately 
determined. 



0042) Itis envisioned tha.no logic gatebe used in desi^ofthe AND NCaudOR NC 

devr^ m par^ because logic gates genet^lly have a finite delay through them. Basi on 
die 1/0 characterisdcs of these devices (as illustrated in Figs. 3A(b) and 3B(b)). i, is 
des^ble that the output signal be substantially similar to fl,e input signal for a, leas, one 

of he edges (....without any finitedelay). For example. Fig. 3A(b),Uus«estha. I. 
and 0.„_„. have a substantially simultaneous rise. And, Fig. 3B(b) iltaes that I, ' 
and 0„.„ have a substantiaHy simultaneous faU. Additionally, it is desirable fte 
■npu, signal for the AND.NC a«l OR.NC devices have a substantially logic high or 
ogtc low for fte other edge. It is, however, envisioned that the output signals of tee 
dcvtces. e.g., 0^.„ and 0„.., may have a faU or rise delay associated wift ae otter 
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edge as ,nus,ra,ed .„ Figs. 3A(b) aad 3B(b). respectively. I. is also envisioned ftat fte 
delay associated wiU, U.e non-c„„ta>lli„g i„p„, of fte gate being tested be sufficiently 
long enough .„ allow measut^en. of the rising or falling output delays accurately. 

I0043J .„ an embodiment, AND_NC and OR.NC devices can be desi9.ed using seventl 
voltage controlled voltage sources (VCVS). It is also envisioned that fltese devices can 
be created utilizing operational amplifiers (including an operational tnutsco^luCance 

amphfier(OTA))configured,o,^.aVCVSsuchasPSpicemodelf„r.he741op. 
amp. Other examples include cunent compiled cu,™,sou.ces(CCCS) voltage 
controlled cutren, sources (VCCC). current controlled voltage sources (CCVS), and the 

10044, Figs. 4 and 5 iUusttate exemplaty VCVS devices in acconiance with various 
en*o^.ments of the present inven«c. Fig. 4 illus^tes an exemplary schematic for an 

AND.NCgatemaccorfancewithanembodimentoftheprcsentinvention Fig 5 
mustrates an exemplary OR.NC schematic in accordance wtth an embodiment of flre 
present invention. 

(00451 Fig. 4 illusttates a system 400 which includes three VCVS devices 402. 404, and 
40. As .llustrated, each VCVS has positive and negative element (output, nodes ma*ed 

VC^ '^!yr ^"^^ ^" — ^ 

VCVsl ^'^^--'--~-%.4. The N- node of both 

VCVS «)2 and 406 are also funded. An input 408 of the system 400 is provided ,0 the 

VC.n«les„fVCVS402andVCVS404.^eH.n„de„fVCVS402is;,„videdjr 
nodeo fvCVS404a„dtheN.nodeofVCVS404isp,ovidedtoVC.nodeofVCVS 
406. ™eN.nodeofVCVS406p,ovidesan„u.p„,410ofthesys.em400. hsome 
embodtments, i, is envisioned that the voltage gain for all the VCVSes may be 1 (i e 
J.y)^It is firther envisioned that the comrection between different temtinals may c;eate 
fte output wavefomrs. h some embodiments employing HSpice, the HSpice delay time 
for the devtce 402 may be set to the "fall delay (such as the fall delay 306 discussed wifl, 
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-^ec. .0 Fig, 3). „ is also envisioned ^ for *e device 406 Vmax may be se. to Vdd 
and Vmin may be set lo Vss in certain embodiments. 

I0M61 Fig. 5 iUust^tes a system 500 which incWes three VCVS devices 502, 504. and 
506^ AS wth Fig. 4. each VCVS has positive and negative element (output) «,des 
marked as N. and N, respectively. Each VCVS also has positive and negative 
controllmg nodes VC and VC-. .spective.y. As illusttated. two of flte VC nodes at. 
~ m Fig. 5 (for devices 502 and 5M). Tie N- node of both VCVS 502 and 504 
are also An input 508 of the system 500 is provided to the VC. nodes of 

VCVS 504 ae N. node of VCVS 502 is provided to VC node of VCVS 504 and the 
N. node of VCVS 504 is provided to N- node of VCVS 506. ,T,e N. node of VCVS 
506 provides an output 510 of the system 500. 

100471 in some embodiments employing HSpice. dte HSpice delay time for the device 
502 may be set to the "rise delay" (such as therise delay 3.6 discussed wia. respect to 
F.g. 3). It ,s also envisioned tot for the device 506 Vmax may be set to Vdd and Vmin 
may be set to Vss in certain embodiments. Additionally, it is envisioned that for the 
devce 504 the Vmaz may be set to zeto in some embodiments. 

(0048, Those withordinarysHUindaeartwouldt^ly^g^e that the use of these 
.fevtces can be extended to more complex gates fl«n jus, NAND or NOR gates For 

example, an AND type pte would wott similar to the NAND gate configuration 

descnbed h«ein. Mot«,ver. an OR type gate would work similar to the NOR gate 

confi^on described herein. Even f„rgates,ikeand-„r-invert(AOI).combi„atio„of 
bott, the evces can be utilized to simutate the falling and rising delays thtough the gates 

mone schematic. Anexampleofhowthesedevicesc«,beusedwithAO.gateis shown 
in rig. o. 



1004^ h. Fig. 6. a system 600 includes an AND gate 604. an AND.NC device 606. an 
OR_NC dev.ce 608, and a NOR gate 612. An input 602 of system 600 provides signals 
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.0 a conMling i„pu. „f fte AND gate 604. an i„p„, of fte AND NC device 606 and a, 
J of.OK_NCdeviee<.S. ^^^..^..^.^j,,^^,^ 
m devces can be similar to „. exa«,y tt,e sa„,e as any .speciive devices disc^ss^ 
he«,n An 6.0 of *e AND.NC device 606 i. provided >o d,e non-conm.lUng 

J of.eANDsa.e604. Ano„,„.6„of.eOR.NCdevice60Sisp™vided.L 
no„.co„ta.„„g ,„pu. of ,he NOR ga,e 6,2. A con..Ui„g ^ ^^R ga,e 6.2 

reeves m input fiom d,e AND gate 604. An ou*u, 6.4 of fte NOR gate 6.2 p^vides 
the output ofthe system 600. "'^provides 

I0050J ae fotegoing description has been directed to specific embodiments. It ,vil, be 
appat^t .0 those wid, ordina,, ski,, in the an tha, modifications may be made to the 
descnbed embodiments, with the attainment of a., or some ofthe advantages For 
exampie, AND_NC devtces can be used for NAND or AND gates and OR NC devices 
canbeuse^ forNORor ORg.es. A.so.whi,ebehaviorofsi^she,eb;ayr 

ITT, " ""^ i-e-ded to 

be n^^hangeaHe where a signa, starting to faU or starting to rise may be a triggering 

««.T^e.efore,.is,heobjectof.bcappendedc,.mstoc„ver.,s„chvarilsl 
mod.iicat.ons as come within the spirit and scope ofthe invention. 
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